a r t i c l e s
Mitochondrial F 1 F o ATP synthases are molecular motors that use the proton gradient across the inner mitochondrial membrane to phosphorylate ADP, releasing ATP into the matrix. The enzyme is composed of two tightly coupled protein subcomplexes: (i) the watersoluble F 1 , which contains the active site and consists of subunits α 3 β 3 γδε (ref. 1) and (ii) the membrane-bound F o subcomplex, which is minimally composed of subunits a and b and a ring-like assembly of eight or ten c subunits, which functions as a proton pore [2] [3] [4] . The mechanism of this proton pore resembles that of a turbine, with the c-subunit ring spinning within the membrane, driven by proton movement down an electrochemical gradient. The c-ring is also in contact with the central stalk of F 1 (refs. 4-6) , which consists of subunits γδε. Rotation of the stalk within the core of F 1 effects sequential conformational changes within the three active sites, which ultimately catalyze ATP synthesis and release 7, 8 .
High-resolution structures of either a complete mitochondrial ATP synthase or an isolated mitochondrial c-ring have not yet been determined. However, high-resolution crystal structures of F 1 have been obtained from yeast and bovine heart 1,4-6,9-12 as well as of the peripheral stalk (subunits b and d and the protein OSCP) 9 . Various structures have also been reported of subcomplexes of the ATP synthase, namely F 1 c 10 from S. cerevisiae and F 1 c 8 from bovine heart [4] [5] [6] . In addition, several medium-to high-resolution structures have been solved of isolated c-rings from other species, both from H + -and Na + -driven ATP synthases (and a related V-type ATPase) [13] [14] [15] [16] [17] [18] [19] [20] .
Current models of the proton-conducting mechanism [21] [22] [23] postulate that a strictly conserved glutamate or aspartate in the c subunit (Glu59 in S. cerevisiae) has an essential role, acting as the proton acceptor and donor at the interface of the c-ring with subunit a. Crystal structures of c-rings clearly demonstrate that this side chain provides an ion-binding site (for H + or Na + ) at each of the subunit c-c interfaces. However, in all published structures, these sites are in the closed, ion-locked conformation, which optimizes the coordination of the ion, presumably countering the energy cost of its dehydration 14 . Indeed, molecular dynamics simulations of these c-rings indicate that this closed state is the most favored energetically when the c-subunit binding sites face the hydrophobic core of the lipid bilayer as the c-ring rotates in the membrane 22 .
Nevertheless, simulations also indicate that local hydration of the binding sites, which is believed to occur at the subunit a-c-ring interface 24, 25 , would promote a transition to an open conformation, in which protonation and deprotonation would be facilitated 22 . This hypothetical open conformation has not yet been experimentally observed in an intact c-ring, but it was thought to resemble that observed in crystal structures of two bacterial rings after covalent modification of the essential carboxyl side chain with dicyclohexylcarbodiimide (DCCD) 19, 22 . However, these structures may reflect a non-native conformation induced by DCCD, which is much too large to fit within the closed binding site. Thus, it remains uncertain whether the c subunit undergoes a transition from a closed to an open state when it faces the proton translocation pathway, and if so, whether this exchange entails local or global structural changes 26, 27 . Further, the hypothesis that a hydrated microenvironment is sufficient to promote opening and reversible protonation of the binding site 22 a r t i c l e s has not been experimentally verified. The high-resolution structures of the intact mitochondrial c 10 ring presented here, at pH 5.5, 6.1 and 8.3, as well as with bound DCCD at pH 5.5, reveal the proton-binding sites in the open state and at different pH values and provide answers to these mechanistic questions.
RESULTS

Crystallization of S. cerevisiae mitochondrial ATP synthase c 10 ring
The conditions used to crystallize the yeast mitochondrial ATP synthase c-ring in our experiments differed radically from those used previously. The primary difference is that the c-ring was crystallized in a buffer containing 2-methyl-2,4-pentanediol (MPD) and propylene glycol (MPD/propylene glycol ratio of 34%:4% (v/v) initially, 67%:8% (v/v) in the reservoir), rather than in a buffer containing detergent with polyethylene glycol as the primary precipitant (see Online Methods). Crystals were obtained within a week and subsequently grew for three or more weeks, reaching up to 200 µm in the largest dimension. Native data sets were obtained from single crystals that diffracted to a resolution of 2.0 Å, 2.5 Å and 2.0 Å, at pH 8.3, pH 6.1 and pH 5.5, respectively ( Table 1) . The crystallographic space group of the crystals was P4 2 22, with 40 c subunits in the unit cell and five subunits per asymmetric unit. The five subunits in the asymmetric unit form half of a complete c-ring. The crystal lattice resembles type I packing of integral membrane proteins with stacked head-to-head 2D layers 28 . The solvent content, 47%, although normal for crystals formed from a water-soluble protein, is rather low in comparison to crystals formed from integral membrane proteins. This tight packing may be responsible for the high-resolution diffraction qualities of these crystals. The structure was solved by molecular replacement using half a c-ring from the low-resolution structure of yeast F 1 c 10 (PDB 2XOK) 4 . The resulting electron density map was clearly traceable and yielded an unambiguous model of the five c subunits, each containing 74-75 amino acids, without any outliers in the Ramachandran plot. The refinement did not use noncrystallographic constraints or restraints, and thus each of the five c-subunit structures is unique, although they are nearly identical, as evidenced by an average pairwise r.m.s. deviation of just 0.18 Å. The average B-factors throughout the structure were markedly low for a membrane protein. For example, for the structure solved from crystals at pH 5.5, the average B-factor including 85 assigned waters was 23.2 Å 2 . In general, the magnitude of the B-factors for the backbone atoms showed a gradient distribution, with the atoms that would lie on the mitochondrial matrix space having the lowest B-factor and the atoms closer to what would be the intermembrane space having the highest B-factor (Supplementary Fig. 1 ). There are residual densities within the central opening of the ring, which might be due to lipids or detergent molecules, though the shape of the density was not distinct and could not be modeled. The absence of lipid or detergent densities at such high resolution underscores the drastic effect of the MPDpropylene glycol solution, which apparently replaces lipid and detergent molecules from the hydrophobic surface of the c-ring.
Architecture of the c 10 ring
The overall structure of the c 10 ring is shown in Figure 1 . Each subunit c folds into a hairpin of two transmembrane helices connected by a short, partially structured loop (Supplementary Fig. 2 ). The N-terminal helix (residues 3-39) is interrupted by a two-turn 3 10 helix, which includes an interhelical water molecule that forms a hydrogen bond with Thr16 (residues [15] [16] [17] [18] , and the C-terminal α-helix runs continuously across the membrane (residues 44-73). At the end of the N-terminal helix, Asn40 forms a sharp turn leading into another short 3 10 helix (residues 41-43) that precedes the C-terminal transmembrane span. Together with Arg39, Pro41 and Ser42, these form a highly conserved region, which apparently forms an interaction motif with subunits γ, δ and ε of the central stalk of the F 1 complex 4, 6, 29, 30 . Consequently, the N and C termini are located in the intermembrane mitochondrial space. The assembled c-ring features the prototypical hourglass shape, with the N-terminal helices on the inside of the ring and the C-terminal helices facing the outside. Both the inner and outer rings of the N-terminal and C-terminal helices are held together mostly by hydrophobic contacts, with few hydrogen bond interactions (Supplementary Fig. 3) . A second interhelical water molecule is observed, in this case associated with Thr61 and bridging adjacent helices (Fig. 2) , similar to the water molecule seen near Thr16 (Supplementary Fig. 2) . As in the bacterial c-rings of known structure, the inner and outer rings are staggered relative to each other.
Given that the width of the mitochondrial membrane is ~35 Å, the transmembrane span of the c-ring would extend from Phe48 to Phe74 in the outer helix and from Ile10 to Ile34 in the inner helix (Fig. 1) . In this region, with the exception of Glu59, the surface On the opposite side facing the intermembrane space, the surface features two concentric rings of both positive and negative electrostatic potentials. The positive potential is due to the exposed backbone and side chain amine dipoles of Gln2 and the N-formylmethionine at the N terminus, whereas the negative region is primarily due to the charged C terminus. As an aside, direct evidence for N-formylmethionine as the initiator amino acid in mitochondrial proteins has been rather limited. This high-resolution structure of the yeast c 10 ring is the first crystallographic evidence demonstrating the formylation of the N terminus of a mitochondrial protein [31] [32] [33] [34] [35] [36] .
Conformation and protonation state of the binding site
A notable feature of the crystal structure is the conformation of Glu59, the crucial carboxylate in the outer helix of each c subunit. In all published crystal structures of proton-binding c-rings, this side chain is oriented toward the adjacent c subunit and forms a hydrogen bond (as donor) with its backbone, either directly 16 or mediated by a water molecule 18, 37 . A similar conformation has been observed in Na + -binding c-rings 14, 15 . By contrast, in this structure, the carboxyl side chain of Glu59 projects away from the c-ring and does not engage in any interactions with other residues within the c-ring (Fig. 2) . Instead, electron density for a solvent molecule is observed within 2.9 Å of the carboxyl group, with which the molecule seems to form a hydrogen bond ( Fig. 2c,d ). This electron density is visible in all five c subunits in the asymmetric unit and was modeled as a water molecule, although it could also be other things, such as a hydroxyl group of MPD; the electron density is particularly well defined in the structure grown at pH 6.1. A water molecule in the closed state has been observed to contribute to ion coordination in the binding sites of other c-rings 13, 18, 37 . In the open conformation of the binding sites in the S. cerevisiae c 10 ring, the corresponding region appears to be empty, or any bound water is disordered. Nevertheless, it is possible that in the closed state, a water molecule is part of the ion interaction network, as previously proposed 6 . A high-resolution structure of the closed conformation will be required to definitively resolve this question.
The pK a value of Glu59 in the S. cerevisiae c-ring has not been determined experimentally. However, indirect measurements have been made for the analogous side chain in bacterial c subunits. For example, the pK a of Asp61 in the Escherichia coli c subunit was determined by NMR to be 7.1 in a solvent composed of npg a r t i c l e s , and therefore Glu59 is represented, to some degree, in both the ionized and protonated forms. In all cases, the crystal unit cells are nearly identical (Table 1) , as are the structures of the ring, with a pairwise r.m.s. deviation of the Cα atoms of only 0.14-0.28 Å. This indicates that the outward-facing conformation of Glu59 is not a result of its deprotonation. Although it is clear that in the closed state, the crucial carboxylate must be protonated 22 , the open conformation revealed here appears to be compatible with either the protonated or deprotonated forms of Glu59.
To confirm that Glu59 can retain the bound H + in the open conformation, crystals grown initially at pH 6.1 were incubated with 50 mM DCCD, a chemical that modifies only protonated carboxyl groups 39, 40 , at pH 5.5 (in other words, at the same conditions as the pH 5.5 structure). The presence of DCCD modification was determined by X-ray crystallography at a resolution of 2.0 Å. Indeed, the measurements revealed electron density corresponding to a DCCD bound to Glu59 (Fig. 3) , forming dicyclohexyl-N-acylurea (DCNU) 41 . Notably, the data show no indication of DCCD modification of the terminal carboxylate or the carboxylate of Asp45, which, as the structure reveals, forms a salt bridge with Lys44 and is therefore in the deprotonated form. The electron density of the first DCNU cyclohexyl group (atoms C2-C7) is particularly apparent in all c subunits, whereas the second cyclohexyl group is less well defined. Figure 3 Protonation state of the binding site. (a,b) Atomic structure of the proton-binding sites in the c 10 ring at pH 6.1 (a) and 8.3 (b), viewed as in Figure 2d . The structures are essentially identical to each other and to that at pH 5.5 (Fig. 2d). (c,d ) Structure of the binding site after modification with DCCD at pH 5.5, viewed either from the matrix side (c) or along the membrane plane (d). The product of the reaction (DCNU) is shown in dark gray. The only substantial difference in the structure of the c-ring after DCCD modification is the rotation of Leu63 and Phe64 (compare with Fig. 2c ). All 2F o − F c electron density maps are shown at 1.2 σ. W1 and W2 are as defined in Figure 2 . W4 is the water molecule associated with the DCNU adduct. W3 (not shown here) is the water molecule associated with Thr16 (compare to Supplementary Fig. 2) . npg a r t i c l e s into a hydrophobic pocket that was previously occupied by Phe64 and has hydrophobic interactions with Ala60, Leu63 and Phe64 (Fig. 3) . The displacement induced by DCCD on the side chains of Leu63 and Phe64, both of which adopt alternate rotamers, provides further evidence of the occupancy of DCCD at Glu59 (Fig. 3) . Although there is some residual density that might be ascribed to unmodified Glu59 and the original rotamers of Leu63 and Phe64, the electron density strongly indicates that DCCD occupancy at position 59 is almost complete. In summary, the reactivity of Glu59 with DCCD demonstrates that the binding sites in the c 10 ring can adopt an open conformation while in the protonated state.
Environment controls binding-site conformation
As mentioned, in the atomic structure of the mitochondrial c 10 ring reported here, the conformation of the proton-binding site differs from those previously determined from other ATP synthases. The cause for this difference is not immediately apparent. Those c-rings differ from this one in the c-subunit stoichiometry (13-15 versus 10) and primary sequence, but their structures were resolved using different crystallization conditions. To examine this question in detail, we carried out a series of molecular dynamics simulations of the c 10 structure in a model lipid membrane as well as in a solution that mimics the crystallographic buffer used here (see Online Methods). The results, summarized in Figure 4 , show that the MPD buffer stabilizes the open state, regardless of the conformation of the binding site at the start of the simulation (Fig. 4a) . In this outward orientation, Glu59 is able to establish multiple hydrogen bonds with MPD and water molecules (Fig. 4b) . By contrast, the environment of the lipid membrane induces the (protonated) binding sites to adopt a closed conformation, analogous to that observed in crystal structures and comparable simulations of bacterial c-rings. That is, Glu59 retracts into the binding site and engages the adjacent c subunit, through direct or water-mediated interactions (Fig. 4c) .
Taken together, these simulations demonstrate that the conformation of the c-subunit binding sites in crystal structures is dependent on the specific microenvironment of these sites, which probably holds true also in the context of the F o complex. As shown in Figure 4d -f, in the crystal of the yeast mitochondrial c 10 , MPD is predicted to coat the hydrophobic surface of the c-ring, both on the outer face of the ring and in the inner pore, establishing van der Waals interactions with protein side chains mediated by MPD's three methyl groups. However, MPD can also engage polar side chains in the protein, particularly the side chain of Glu59, with its hydroxyl groups. The polar surfaces on the yeast c-ring are also stabilized by water, which readily permeates the MPD layer. This is in contrast to, for example, the crystal structure of the c 15 ring from the cyanobacterium Spirulina platensis, which, at 1.8-Å resolution 22 , occupies a strictly hydrophobic environment in the transmembrane domain, including in the vicinity of its protonbinding sites. The organic solvent used here also protects the transmembrane hydrophobic surface of the protein, but its water content and the ability of MPD to form hydrogen bond interactions enabled us to observe a conformational state of the c subunit.
DISCUSSION
Although the rotary mechanism of the ATP synthase membrane motor is not understood in detail, it is widely accepted that during this mechanism, the proton-binding sites in the c-ring become exposed to two distinct environments, to which they react very differently (Fig. 5) . At the interface with subunit a, a protonated binding site must be able to release its H + toward one side of the membrane (for example, the mitochondrial matrix) and subsequently protonate with an H + from the other side (for example, the intermembrane space). By contrast, the binding site of a c subunit facing the lipid bilayer must preserve the protonated state until it eventually reaches the a-subunit interface. Provided that the sites of deprotonation and protonation at the subunit a-c-ring interface are spatially offset and that the pathways for entry and exit of protons are disconnected, these basic features will result in a mechanism whereby stochastic rotations of the c-ring become directionally biased by the transmembrane proton gradient 21, 23 .
Previous crystal structures of isolated bacterial c-rings show the ion-binding sites in the closed, ion-locked state [14] [15] [16] 18 . Because the Intermembrane space Figure 5 Hypothetical rotary mechanism of proton translocation. The stator subunit a lies adjacent to the rotor c 10 ring, and it provides two half channels for protons: one leading to the matrix and the other to the intermembrane space. Subunit a also interacts with the c-ring through a conserved arginine, Arg176, in its fourth transmembrane helix. When facing the membrane, the c-subunit binding sites are in the closed state and Glu59 is constitutively protonated (orange, state 0). The direction of rotation during ATP synthesis is counterclockwise, viewed from the matrix (gray arrow).
(a) Upon entering the subunit-a interface, a site can adopt an open conformation, and Glu59 (green) can release a proton into the channel leading to the matrix (state 1). Glu59 in the adjacent c subunit (in the counterclockwise direction) is initially paired with Arg176 (state 2) but becomes free when Arg176 switches to the trailing, now deprotonated, Glu59. (b) The release of this interaction enables the unengaged Glu59 site to load another proton from the intermembrane space and to ultimately reenter the membrane. npg a r t i c l e s local environment of the c-ring in these crystals is a hydrophobic detergent layer 22 , it is generally accepted that this is the conformation adopted by the c subunit when facing the lipid bilayer. This notion is consistent with molecular dynamics simulations of c-rings in model phospholipid membranes 37, 42 . In the structure of the mitochondrial c 10 ring reported here, by contrast, the proton-binding site is seen in an open conformation, in which the crucial carboxylate side chain of Glu59 projects outward from the site. Molecular dynamics simulations of this structure indicate that this alternate conformation is not a result of differences in the c-subunit primary sequence, in the ring stoichiometry or in its architecture. Instead, the simulations show that it is the hydrophilic environment around the proton-binding sites in the c 10 crystal that induces their opening. In a hydrophobic environment, such as in a lipid membrane or a detergent buffer, the prediction is that the c-subunit binding sites would adopt the closed, proton-locked conformation, as previously observed. In regard to the current crystal structure, we conclude that the c-ring faces an environment that is mechanistically relevant. In fact, water-accessibility studies of the E. coli F o complex strongly indicate that c subunits facing subunit a encounter a certain amount of hydration 24, 25 . Consistent with previous simulation studies of a bacterial homolog 22 , the experimental structure of the yeast mitochondrial c 10 ring confirms that a hydrated, polar environment is sufficient to promote the opening of the c-subunit binding sites. Based on NMR data from c subunits isolated from E. coli, solubilized in a medium with a dielectric constant comparable to that of our crystallization buffer, one can estimate the pK a of Glu59 to be around 7. Thus, the similarity in the structures obtained at pH 5.5, 6.1 and 8.3 leads us to conclude that the open conformation observed here is compatible with both the protonated and deprotonated states of Glu59. The additional structure of the yeast c-ring at pH 5.5, in which Glu59 is unequivocally covalently labeled with DCCD, demonstrates that this open conformation can retain a bound proton. By analogy, the hydrated environment of the subunit a-c-ring interface enables not only the opening of the proton-binding site but also the exchange between protonated and deprotonated forms of the crucial carboxylate, which is thermodynamically unfeasible in the context of the lipid membrane 22 .
Our interpretation of the structures of the c 10 ring presented here is that they capture the c-subunit proton-binding sites in a conformational state that is characteristic of the interface with subunit a. In its extended orientation, Glu59 would be able to bind and release H + from either of the water half-channels that are thought to exist within the F o subcomplex (Fig. 5) . Also, in this conformation, Glu59 from an adjacent c subunit would be able to transiently engage with the guanidinium group of the conserved arginine in subunit a (Arg176 in S. cerevisiae, excluding the ten-amino acid presequence 35 ). Arg176 is hypothesized to carry out a crucial mechanistic function by coordinating deprotonation and protonation events 21, 43, 44 and by preventing uncoupled proton leakage 45 .
Evidently, the molecular events described above must take place in a concerted fashion, allowing downhill H + transport to be coupled to the directional rotation of the c-ring and thus to ATP synthesis. Unfortunately, the lack of precise structural information on subunit a precludes a detailed understanding of the structural basis for these events. Nevertheless, the current crystal structures of the c 10 ring, taken together with those previously determined ( Supplementary Fig. 4 ), seem to rule out large-scale conformational changes in the c-ring. In particular, it seems unlikely that access pathways for either H + or Na + are formed within the c-ring itself, or that the transmembrane helices rotate individually within the membrane. Despite the markedly different environments in the existing c-ring crystals, the variability among c-subunit structures seems to be mostly restricted to the ion-binding site.
In conclusion, we propose that the structure presented here represents the open conformation of the c subunit, formed when facing subunit a. In the open conformation, Glu59 can be either protonated or deprotonated. When deprotonated, Glu59 engages Arg176 in subunit a, and only after reprotonation and the subsequent rotation of the c subunit away from subunit a and into the lipid bilayer does the ion-binding site revert to the closed conformation. 
METHODS
Methods
ONLINE METHODS
Purification and crystallization. Yeast F 1 F o ATP synthase with an ε-green fluorescent protein (ε-GFP) fusion was purified in buffer containing n-dodecyl-β-d-maltopyranoside (DDM) (0.05%), as described 29 . The ATP synthase from the Superose 6 column (4 ml, 8-12 mg protein) was concentrated to a volume, V 1 , (about 100 µl) using a Vivaspin 100 K MWCO centrifugal concentrator (Sartorius Stedim, Aubagne, France) and diluted to 600 µl with a buffer A solution (50 mM sodium bicine, pH 8.35, 0.3 M NaCl, 0.1 M sodium malonate, pH 7.0, 5 mM p-aminobenzoic acid, 2 mM MgCl 2 , 0.1 mM thymol) containing 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)-1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC) (3:1 molar ratio) bicelles 46 with the percentage, P 1 , (w/v) of bicelle in the solution adjusted to a ratio that is equal to 0.1%/mg total protein. The solution was incubated on ice for 60 min and then x mg of Biobeads (Biorad Co., Hercules, CA) (where x = V 1 (µl) × 0.5 mg/µl) was added, and the mixture was rocked at 4 °C for 60 min. The solution was removed from the cold, rocked at room temperature for 15 min and the precipitated suspension was carefully separated from the Biobeads. The suspension was centrifuged at room temperature for 10 min at 21,000g, which produced a translucent pellet with a green color from the GFP. The pellet was dissolved at room temperature in a minimal amount (typically 100 µl) of buffer A solution containing DMPC-3-[(3-cholamidopropyl)dimethylammonio]-2-hydroxy-1-propanesulfonate (CHAPSO) (2:1 molar ratio) bicelles with 3% (w/w) 1,1′,2,2′-tetramyristoyl cardiolipin at a concentration defined by P 1 from above. The protein concentration was adjusted to 6 mg/ml using buffer A solution.
For crystallization at pH 6.1, buffer A solution contained 50 mM sodium MES, 100 mM sodium malonate, pH 6.1, in place of the bicine and malonate used at pH 8.3. The crystals obtained at pH 5.5 were crystallized at pH 6.1, followed by overnight incubation of the buffer containing 50 mM MES, pH 5.5 (see below).
The c-ring crystallized when the ATP synthase preparation at 6.0 mg/ml, which is an effective c-ring concentration of 0.8 mg/ml, was used. An equal amount of reservoir solution containing 60-68% MPD, 6-8% propylene glycol and 2 mM MgCl 2 was added to the protein solution (typically 1 µl/1 µl) and the drop was incubated in a sitting drop format at 21 °C. The crystals were visible within 1-2 weeks, fully formed in 1 month and stable for up to 6 months.
For crystals at pH 5.5, crystals obtained at pH 6.1 were incubated overnight at 21 °C in a buffer containing 50 mM MES, pH 5.5, 68% MPD, 8% propylene glycol, 0.4 M NaCl and 2 mM MgCl 2 . We were able to reduce the MPD concentration to 28% by stepwise reduction without ill effect on the diffraction quality. The structure determined from crystals soaked in 28% MPD (data not shown) did not differ substantially from the structures presented here for pH 8.3, 6.1 or 5.5. For modification with DCCD, the conditions were identical to those described for pH 5.5, except that the solution contained 50 mM DCCD.
The crystals were flash-frozen in liquid nitrogen. Diffraction data were collected at the Advanced Photon Source, GM/CA CAT, 23-ID or SER CAT, 22-ID, at 100 K, using a wavelength of 1.033 Å or 1.000 Å. The data were processed using HKL2000 (ref. 47 ) and CCP4 (ref. 48 ). All models were validated using PROCHECK 49 . As determined with PROCHECK, 98.3-97.7% of all ϕ and ψ geometries were in the most favored category, whereas the remainder were in the additional acceptable category, with no outliers in the Ramachandran statistics.
Crystallographic data processing. For the structure at pH 8.3, the initial phases were solved by molecular replacement using MOLREP 50 , with the search model consisting of chains K, L, M, N and O from PDB 2XOK 4 . The model was rebuilt using ArpWarp 51 and further refined with REFMAC 52 , using COOT 53 for making minor corrections in the model, for adding water molecules and for showing electron density maps. In the final REFMAC cycles, we applied the translationlibration-screw (TLS) procedure. The refinement did not use any noncrystallographic symmetry constraints or restraints. Several residues, including Ser15, Asn35 and Ser38, were refined with alternate side chain conformations as justified by the electron density maps.
For the structures at pH 6.1 and 5.5, residues 59-61 were omitted, and the models were refined by simulated annealing in CNS 54 to reduce possible model bias. Residues 59-61 were added using COOT, and the same REFMAC refinement procedures used for the structure at pH 8.3 were applied. The TLS refinement had no effect on R factors and electron density maps for the structure at pH 6.1 at 2.5-Å resolution.
The DCCD-modified carboxylate of Glu59, at pH 5.5, was apparent in all chains in the first electron density map after the rigid-body refinement. Residue 'GLH' from the REFMAC library, which represents Glu59 modified with DCCD, was modeled with COOT in all five subunits. The same REFMAC refinement procedures used for the other structures were applied. Molecular dynamics simulations. Molecular dynamics simulations of the complete c 10 ring were carried out with the protein structure either embedded in a model POPC lipid membrane, or in a solvent that mimics the crystallization buffer. In the membrane system, the proton-binding sites in the c-ring were initially set in the open conformation observed in the X-ray structure. In the MPD buffer system, independent simulations were carried out with the binding sites set either in the open state or in the closed conformation observed in the membrane simulations. After the equilibration phase, the results of the two simulation series of the protein-MPD buffer system were statistically undistinguishable. For the membrane system, the phospholipid bilayer was prepared as previously described 55 . In the buffer system, MPD molecules were initially spaced uniformly in three dimensions, with waters and ions distributed randomly. These two environments were optimized through a series of simulations (approximately 100 ns in total) in which the c-ring was constrained to the X-ray structure and gradually released. After this equilibration phase, a simulation of 160 ns was carried out for each system. During the first 100 ns, the protein backbone was still weakly constrained to the X-ray conformation; in the subsequent 60 ns, the structure was entirely free (the analysis of both fractions is shown in Fig. 4) . The simulation systems (along with further details) are shown in Supplementary Figure 5 .
All figures were produced using PyMOL (http://www.pymol.org/). Protein concentrations were determined as described using bovine serum albumin as the standard 56 . The electrostatic potential in Figure 1 was computed with APBS 57 , using the PARSE force field 58 and a homogenous dielectric constant of 1. The C-terminal carboxyl and the side chains of aspartate, glutamate, lysine and arginine were set as the ionized form, and the formylated N terminus was set as neutral.
